Graham and Vandenberg, 1998) that are assembled from either identical or nonidentical subunits to make funcinteraction surfaces identified by the patterns were verified by sequence minimization experiments. Sectional channels that are either homomeric or heteromeric. This combinatorial diversity in assembly leads to ond-site suppressor analyses of helix packing indicate that the M2 pore-lining inner helices are surrounded a great deal of functional diversity. Each subunit has two transmembrane segments (M1 and M2), a region by the M1 lipid-facing outer helices, arranged such that the M1 helices participate in subunit-subunit inresponsible for monovalent cation selectivity (P region), and N-and C-terminal cytoplasmic domains ( Figure 1A ).
where M1 and M2 form the outer and inner helices, respectively.
Comparison of the structural constraints derived here with the X-ray crystallographic structure of a bacterial potassium channel with the same topology (Doyle et al., 1998) indicates that these two types of channels have distinct differences in quaternary structure, although the tertiary structure between M1 and M2 helices within a single subunit is similar. The patterns of allowed amino acid substitutions observed in our selection experiments identify sequence features that are hallmarks of the K ir superfamily and absent in other potassium channel types. Together, the results presented here strongly suggest that K ir channels form a structurally distinct class of potassium channels with respect to transmembrane structure. frequency to a generally restricted class of residues with similar properties to the native residue such as ␤ branching, hydrophobicity, or volume. The assignment sequence minimization experiments as well as secondsite suppressor experiments, to probe helix-helix conof residues into the semitolerant class is somewhat subjective but not critical to the subsequent structural intertacts. Taken together, the data indicate that the transmembrane structure of K ir channels is a helical bundle pretation of the data. We assume that most amino acid for a strict heptad repeat of 3.5 amino acids/turn). In an ␣ helix with a heptad repeat, residues on the same face of the helix occur with a 3-4 spacing in the Structural Analysis of Sequence Patterns primary sequence (Cohen and Parry, 1990). The most Regular secondary structures in anisotropic environtolerant positions in M1 occur with this spacing and ments can be identified using discrete Fourier transform were placed at the "a" and " while the tolerant positions fall on the opposite face transmembrane segments for patterns characteristic of (positions "a," "d," and "g"). Residues on the restricted secondary structure using these methods. This evaluaface include strongly conserved residues among K ir setion is independent of the color-coded classification quences: F92, S95, W96, F99, G100, and A107. Lipidscheme, as the parameter that is evaluated is simply facing residues in membrane proteins show high varithe total number of unique amino acid changes allowed ability for hydrophobic residues, while the side chain at each position. 
Results

Selection for
The first C169W/R, D172Y/H, I176N/K) similarly occur with a 3-4 positions on the face containing residues 165, 169, 172, and 176, suggests that these positions are exposed to spacing. These were placed at the "a" and "d" positions an aqueous environment in the pore of the channel. of a heptad wheel diagram ( Figure 4B ). As a result, one Thus, we designate M2 as the pore-lining "inner helix." face of the helix contains the highly variable residues, while another (positions "c" and "g") contains restricted residues that are highly conserved among K ir channels:
Sequence Minimization A157, V161, Q164, and G168. One of the residues on We used a sequence minimization approach to test the the highly variable face, residue 172, has been shown assignment of the lipid-facing and pore-facing residues. to influence K ir channel rectification properties through Residues suspected of participating in these interfaces interactions with a pore-blocking magnesium ion ( seven residues in total-or the M1 "a," "d," and "g" (M1ad-Xaa 7 and M1adg-Xaa 10 , respectively). Two-electrode voltage clamp recordings from Xenopus oocytes positions-ten residues in total-were changed wholesale either to the hydrophobic residues alanine, leucine, demonstrate that M1ad-Ala 7 , -Leu 7 , and -Phe 7 and M1adg-Ala 10 , -Leu 10 , and Phe 10 form functional channels or phenylalanine or to the hydrophilic residue serine A subunit interaction assay was used to assess reversal mutant but not the single mutant S95/Q164S with the wild-type subunit, unless the hydrogen bond occurs between residues 95 and 164 from the same subunit. as assessed by two-electrode voltage clamp measureBoth S95/E164 and E95/S164 hydrogen bond pairings ments ( Figure 5B ). These data strongly suggest that make homomeric functional channels when the pair ocresidues 165, 169, 172, and 176 face a hydrophilic envicurs in each polypeptide chain of the homomeric chanronment. Taken together, the minimization experiments nel (Table 2) . If the hydrogen bond interaction occurred support the assignments of M1 and M2 as the outer and in an intersubunit fashion, heteromeric complexes of inner helices, respectively. S95/Q164S and S95E/Q164E subunits would have the S95-E164 and E95-S164 functional pairs. However, Helical Arrangement coexpression of subunits containing S95/Q164S and Second-site suppressor experiments were used to map S95E/Q164E pairs did not result in measurable current. residues involved in interhelix contacts. In these experiThese observations further support the idea that the ments, changes in side chain shape or chemistry that hydrogen bond pairing occurs between residues within disrupted function were made at conserved positions a single subunit. in the M1/M2 interfaces and screened against libraries To obtain more information about M1/M2 contacts, of the other helix of the pair. For example, S95 and Q164 other suppressors were obtained for nonfunctional muare highly conserved in our selection experiments and tants with changes at M1-or M2-restricted positions. among all K ir sequences but not in other potassium
The changes W96A, F99A, and V161W were rescued by channel types. We hypothesized that these residues F159I/A173P or F159V/A173P, F159I, and F103Y/I106N, might participate in a membrane-embedded interhelix respectively. Together, the positions of suppressors that hydrogen bond. To test this, the mutant Q164S, a nonrestore function to other nonfunctional mutants suggest functional mutant that shortens the side chain of one of that each M1 helix interacts with two M2 helices (Figure the proposed hydrogen bonding partners but preserves 5D), one from its own subunit via the interface containing the hydrogen bonding potential, was screened against a the S95/Q164 hydrogen bond and one from the neighdirected library where only residue 95 was randomized.
boring Recently, the high-resolution structure of a bacterial poin folding, helix association, and the establishment of specific structure. Our data suggest that the S95/Q164 tassium channel with the same topology as K ir channels 
Discussion
The information in the amino acid sequence that determines the final folded structure of a protein is highly degenerate, allowing many different sequence variations to encode for essentially the same structure. Selection of functional protein sequences from pools of related sequences allows one to examine the tolerance to change at each position within a given structural framework. In favorable circumstances, these types of investigations reveal positions of high and low information content, information about the local environment of each residue, and sets of interactions that are essential for establishing a specific protein fold (Bowie et al., 1990). For simple folds such as those that are common to membrane proteins, this information can lead to testable structural models for the transmembrane structure of a given protein.
There is a strong tendency for membrane-embedded polypeptides to form regular secondary structures in order to satisfy the maximal number of backbone hydrogen bonds (Popot and Engelman, 1990; von Heijne, 1997). However, beyond this feature, the "rules" for membrane protein folding are less well understood than those for soluble proteins. KcsA may more closely resemble the structure in the last two transmembrane segments of the voltage-gated channels, whereas the K ir channels form a structurally arrangements of these channels differ significantly. The M1 helices in K ir channels are situated between two M2 distinct class. A sequence alignment of representative members helices where they may participate in subunit-subunit interactions ( Figure 7A ), while the M1 helices in KcsA from each of the K ir subfamilies ( Figure 7B) shows that the pattern of restricted residues (red) identified in M1 only contact one M2 helix (Doyle et al., 1998). In K ir channels, this difference may impact the location of of K ir 2.1, FX 2 SWX 2 FGX 6 A is strongly conserved in all K ir family members. Similarly, the pattern of restricted determinants for subunit assembly and the placement of the pore helix and residues from the P region relative positions in M2, A(V/I)X 2 (V/L)X 2 QX 3 G is also strongly conserved. These patterns include the residues that parto the ion conduction pathway. However, these differences do not preclude an arrangement where the ticipate in the putative membrane-embedded Ser95-Gln164 hydrogen bond. The positions of high variability LQ2 for K ir 1.1 (Lu and MacKinnon, 1997). Together, the findings with TEA and peptide toxin blockers suggest that comprise the lipid-facing (yellow) and pore-facing (blue) residues also seem to be well matched. The prevathat structural differences exist between K ir channels and other potassium channels in the region where polence of these patterns within the K ir superfamily suggests that these are hallmark sequence patterns retassium channels have the highest degree of sequence homology. This is consistent with the idea that K ir chanflecting the stereochemical requirements for building a structural framework shared by the transmembrane nels are structurally different from other potassium channels. Since the P region bridges the M1 and M2 portions of all K ir channels. Interestingly, some of the positions that appear strongly conserved in the setransmembrane helices of K ir channels, the packing arrangement of M1 and M2 is expected to impact its strucquence alignment (cf. F88 and G177) are extremely permissive to change in our selection experiments, inture. Thus, differences in the transmembrane structure are likely to be propagated to other parts of the ion dicating that conservation within related families of sequences does not always correspond to positions that conduction pathway. Since the structural scaffold we have identified seems are essential for function, at least when assayed in heterologous expression systems. The hallmark patterns to be shared by all K ir channels, the structural model presented here should provide a useful conceptual identified here are absent in all other known potassium channels, including voltage-gated channels and the two framework for pursuing detailed studies of the transmembrane segments in other K ir potassium channels. P domain channels with parts that topologically resem- -1 can1-100 his3-11,15 leu2-3,112 trp1-1 
